Cell-mediated immune processes play a prominent role in the clinical manifestations of syphilis, a sexually transmitted disease of humans caused by spirochetal bacterium Treponema pallidum. The immune cell type that initiates the early immune response to T. pallidum thus far has not been identified. However, dendritic cells (DCs) are the first immune-competent cells to encounter antigens within skin or mucous membranes, the principal sites of early syphilitic infection. In the present study, immature DC line XS52, derived from murine skin, was utilized to examine T. pallidum-DC interactions and subsequent DC activation (maturation). Electron microscopy revealed that T. pallidum was engulfed by DCs via both coiling and conventional phagocytosis and was delivered to membrane-bound vacuoles. The XS52 DC line expressed surface CD14 and mRNA for Toll-like receptors 2 and 4, molecules comprising important signaling components for immune cell activation by bacterial modulins. Both T. pallidum and a synthetic lipopeptide (corresponding to the 47-kDa major membrane lipoprotein) activated the XS52 DC line, as indicated by the secretion of interleukin-12 (IL-12), IL-1␤, tumor necrosis factor alpha, and IL-6 and elevated surface expression of CD54. The combined data support the contention that DCs stimulated by T. pallidum and/or its proinflammatory membrane lipoproteins are involved in driving the cellular immune processes that typify syphilis.
Syphilis, a sexually transmitted disease of humans caused by spirochetal bacterium Treponema pallidum, remains a global public health problem, with an estimated 12 million new cases annually (15) . A syphilis eradication program for the United States, recently announced, includes the development of a syphilis vaccine (36) . However, basic immune mechanisms that might lead to protective immunity in humans (32) are largely unknown and, as such, a more thorough comprehension of syphilis immunology is essential for designing new approaches for the development of a syphilis vaccine.
The first clinical symptom of syphilis typically is the primary genital ulcer (chancre) at the local site of T. pallidum tissue invasion (30) ; dermal cellular infiltrates are composed chiefly of lymphocytes, macrophages, and plasma cells (30) . A key aspect of understanding syphilis immunology has been the identification of the treponemal factor(s) that elicits this intense inflammatory response. Of note, T. pallidum lacks lipopolysaccharide (LPS) (14, 17) , a potent proinflammatory agonist. However, treponemes contain abundant membrane lipoproteins (6, 14) . There is now a large body of evidence, derived from both in vitro and in vivo studies, to support the notion that T. pallidum's membrane lipoproteins are the principal proinflammatory mediators during syphilitic infection (1, 10, 37, 38, 43, 45, 49, 59) . Lipoproteins efficiently activate various immune effector cells, particularly those of the monocyte/macrophage lineage, and their immunomodulatory properties are engendered by the acyl configuration of their N termini. In this regard, in many immune cell activation studies that now have been performed synthetic analogs (lipopeptides) modeled after the N termini of bacterial lipoproteins have been used as surrogates for native lipoproteins (10, 37, 38, 40, 45, 59) .
The rabbit experimental model of syphilis has provided for an analysis of the course of cellular events during syphilitic lesion development (29) . Following intradermal or intratesticular inoculation of rabbits with T. pallidum, T lymphocytes appear 6 days after infection, reaching maximal numbers on days 10 to 13 (paralleling maximal T. pallidum replication) (29) . Macrophages become apparent on day 10 and reach maximal numbers on day 13, coincident with a dramatic clearance of the spirochetes (29) . Whereas these former studies provided seminal information about the various immune cell types present in syphilitic lesions, they focused primarily on characterizing immune cells involved at times relatively late (i.e., several to many days) in the cellular processes of syphilis, well beyond the time when key triggering events of the innate immune response occur. The actual cell type(s) that potentiates the early immune response to dermal invasion by T. pallidum thus far has not been identified.
There is now overwhelming evidence that dendritic cells (DCs) (e.g., Langerhans cells of the epidermis) are among the most potent antigen-presenting cells of the immune system and are crucial for the initiation of primary T-cell responses to foreign antigens, particularly bacterial antigens (4, 47) . During foreign antigen insult, immature DCs in the peripheral tissues capture antigens (via phagocytosis and pinocytosis) and then, under microenvironmental signals (e.g., cytokines), migrate to the draining lymph nodes while undergoing maturation (4) . The maturing DCs, now with a reduced capacity for phagocytosis but with an increased ability to present antigens, enter the lymph nodes where they home to T-cell-rich areas and induce an antigen-specific primary T-cell response (4) . Primed T cells then migrate via the efferent pathway back to the site of antigen deposition. In this scenario, DCs act as an important sentinel between the external environment and the host's immune system, as well as serve as the cellular interface for the transition to the adaptive immune response (4, 47) .
Given the contemporary understanding of DC biology (4), it is plausible that the DC is the pivotal immune effector cell that initiates the cellular inflammatory response during syphilis. Thus far, DCs in the cellular immune responses to T. pallidum have not been studied. Furthermore, at areas of inflammation in skin and mucous membranes, the principal sites of syphilitic infection, DCs are the first immune-competent cells to encounter antigens (4, 34) . The present study thus was designed with two principal objectives. The first was to characterize the interaction of virulent T. pallidum with DCs, with emphasis on examining phagocytic processes, using a well-characterized immature DC line (72) as a model system. The second was to assess the impact of T. pallidum on DC maturation. Additionally, given the proinflammatory properties of T. pallidum membrane lipoproteins (1, 10, 37, 38, 43, 45, 49, 59) , we also investigated whether DCs were activated by a synthetic lipopeptide corresponding to T. pallidum's major membrane lipoprotein.
MATERIALS AND METHODS
Reagents. Salmonella enterica serovar Minnesota R5 LPS (Sigma Chemical Co., St. Louis, Mo.) was suspended in 0.1% triethylamine adjusted to pH 8.0 with 100 mM Tris-HCl. Dilutions of LPS were made in HNEB buffer (20 mM HEPES, 150 mM NaCl, 0.1 mM EDTA, 0.03% bovine serum albumin [BSA] [pH 7.4]). A synthetic hexapeptide (Cys-Gly-Ser-Ser-His-His) (negative control) and a synthetic lipohexapeptide (tripalmitoylglycerylcysteine-Gly-Ser-Ser-His-His) corresponding to the N terminus of the T. pallidum subspecies pallidum 47-kDa lipoprotein (69) were synthesized as described previously (10) . For cell activation experiments, quantities of dry hexapeptide or lipopeptide were partially solubilized by extensive vortexing in sterile, endotoxin-free water (45) . Synthetic lipopeptide and hexapeptide mixtures contained undetectable levels of endotoxin (Յ1 pg of LPS per g of protein) as measured by the QCL-1000 quantitative chromogenic Limulus amebocyte lysate assay (BioWhittaker, Walkersville, Md.). Great care was taken throughout to minimize contamination by environmental LPS during the preparation of all buffers and reagents by using baked utensils, disposable plasticware, and pyrogen-free H 2 O.
Glutaraldehyde (25%), picric acid, osmium tetroxide (4%), tannic acid, and uranyl acetate were purchased from Electron Microscopy Sciences (Ft. Washington, Pa.). Spurr embedding medium (low viscosity) was obtained from Polysciences, Inc. (Warrington, Pa.).
Cultivation and isolation of treponemes. T. pallidum subspecies pallidum (Nichols strain) was maintained and passaged by intratesticular inoculation of adult male New Zealand White rabbits as previously described (55) . Treponemes were extracted from rabbit testes and harvested from testicular tissue debris by differential centrifugation (55) . Treponemes were then collected by high-speed centrifugation (55) , and the treponemal cell pellet was suspended in RPMI 1640 medium (BioWhittaker) that had been flushed with a reduced-oxygen atmosphere of 3% O 2 , 5% CO 2 , and the balance nitrogen. The increase in volume upon suspending the spirochetes in RPMI 1640 was assumed to represent the volume of the spirochetal cell pellet and residual rabbit testicular tissue extract (TEx). Spirochetes in suspension were then enumerated by dark-field microscopy, and the spirochete concentration was adjusted with additional RPMI 1640 medium. TEx, from which spirochetes were removed by high-speed centrifugation (55), was syringe filtered twice through a 0.2-m-pore-size filter to remove any remaining spirochetes. This TEx preparation, which served as a negative control in cell activation experiments, vastly exceeded (at least 10-fold) the amount of TEx potentially remaining in the T. pallidum preparation (49) .
Cell lines. The XS52 cell line is an immature DC line established from the epidermis of a newborn BALB/c mouse; principal features of the XS52 cell line have been described elsewhere (72) . It was maintained in XS complete medium composed of RPMI 1640 medium with 10 mM HEPES, 2 mM L-glutamine, 1 mM sodium pyruvate, nonessential amino acids, 2-mercaptoethanol (all from Sigma Chemical Co.), 10% heat-inactivated fetal bovine serum (HIFBS) (Gibco-BRL, Gaithersburg, Md.), 0.5 ng of recombinant murine granulocyte-macrophage colony-stimulating factor (R&D Systems, Minneapolis, Minn.), and culture supernatant (10% [vol/vol] ) from the NS47 stromal cell line (maintained in RPMI 1640-10% HIFBS) (57 Electron microscopy. XS52 cells (5 ϫ 10 5 /tube) were incubated in 1.0 ml of XS complete medium with a designated number of freshly isolated treponemes for various periods of time in 14-ml polypropylene tubes (Falcon). Cells were collected by centrifugation at 300 ϫ g for 5 min, washed twice with cold PBS, and fixed for 1 h in a solution of 2% glutaraldehyde, 3 mM picric acid, and complete NaPi buffer (100 mM sodium phosphate, pH 7.4, containing 3 mM KCl and 3 mM MgCl 2 ). Postfixation and dehydration of samples were performed as described by Kitchens et al. (26) . Spurr resin was made according to the manufacturer's instructions. Samples were incubated with a 50% ethanol-50% Spurr mixture overnight at 4°C. This solution was then replaced with full Spurr mixture, and samples were incubated at room temperature for 4 h before being placed in a 60°C oven overnight for embedding. Thin (80-nm) sections were cut and mounted on Formvar-coated copper grids. Sections on grids were stained with uranyl acetate and lead citrate and subsequently viewed with a JEOL 1200EXII electron microscope. For quantitation of types of phagocytic processes, five grids (each containing three thin sections) were examined until a total of 50 phagocytic events were scored; the types of phagocytic processes observed were expressed as percentages of these 50 events.
RNA isolation and Northern blot analysis for tlr2 and tlr4. Total cellular RNA from XS52 and RAW cells was isolated using TRIzol reagent (Gibco-BRL) according to the manufacturer's directions. RNA was fractionated on a formaldehyde-1% agarose gel, transferred to a nylon membrane, and then UV crosslinked. To obtain hybridization probes, DNA fragments were amplified from purified XS52 DNA by PCR with primers specific for murine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5Ј-GTCATCATCTCCGCCCCTTCT G-3Ј and 5ЈATGCCTGCTTCACCACCTTCTTG-3Ј) (56), murine Toll-like receptor 2 (TLR2) (5Ј-TCGACGACTGTACCCTCAATGG-3Ј and 5Ј-CTAAGG TTTGTAGAGAAGGCCAG3Ј) (18) , or murine TLR4 (5Ј-ACCCAATTGACT TCATTCAAGACC-3Ј and 5Ј-TTGAAATGTTTAGGAACATCTTCTAG-3Ј) (39) . DNA fragments were labeled with [␣-32 P]dCTP using a random-primer DNA-labeling kit (Boehringer Mannheim, Indianapolis, Ind.). Hybridization with labeled probes was carried out with the UltraHyb (Ambion, Austin, Tex.) solution according to the manufacturer's instructions. X-ray film was exposed to membranes at Ϫ70°C to detect radioactive signals.
RT-PCR analysis of XS52 and RAW cells. Total RNA from 5 ϫ 10 5 cells was isolated from XS52 and RAW cells using the RNAqueous-4PCR kit (Ambion) followed by DNase treatment. One-step reverse transcription-PCRs (RT-PCRs) were performed with the Titan RT-PCR system (Boehringer Mannheim) according to the manufacturer's recommendations. The 20-l reaction mixtures included reaction buffer, 2 U of RNase inhibitor, 5 mM dithiothreitol, 0.5 mM deoxynucleoside triphosphates, either 0.4 M (TLRs) or 0.1 M (GAPDH) (each) oligonucleotide primer (see above), 50 ng of RNA template, and 1 l of enzyme mixture. cDNA syntheses were performed by incubating all reaction mixtures at 50°C for 30 min. Amplifications were carried out in a Perkin-Elmer GeneAmp 2400 thermocycler set for the following parameters: 94°C for 2 min; 40 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min; and a final extension step at 72°C for 10 min. For all RT-PCRs, a negative control was performed by omitting reverse transcriptase in the reaction mixtures; positive controls for PCR (not shown) were carried out using 0.5 g of XS52 DNA as the template; the DNA had been purified with a DNA extraction kit purchased from Stratagene (La Jolla, Calif.). The expected sizes of the PCR products were 327 bp for TLR2, 352 bp for TLR4, and 442 bp for GAPDH. Amplification products were electrophoresed through a 1.5% agarose gel and visualized by ethidium bromide staining upon exposure to UV light.
Flow cytometry. Unstimulated XS52 cells were stained with either a FITCconjugated rat anti-mouse CD14 antibody (clone rmC5-3; BD Pharmingen, San Diego, Calif.) or an isotype-matched negative control antibody (clone R3-34; BD Pharmingen). For analysis of CD54 (ICAM-1) expression after cell stimulation, XS52 cells were incubated with various reagents for 24 h and then stained with either a FITC-conjugated hamster anti-mouse CD54 monoclonal antibody (clone 3E2; BD Pharmingen) or an appropriate isotype-matched negative control (clone A19-3; BD Pharmingen). Briefly, 2.5 ϫ 10 5 cells were blocked with either 3% normal rat serum (CD14 analysis) or 25% normal mouse serum (CD54 analysis) in fluorescence-activated cell sorter (FACS) buffer (7 mM NaN 3 -5 mM EDTA-1% BSA in PBS) for 15 min on ice. Cells were stained with the appropriate antibody for 30 min on ice in the dark and then washed thoroughly with FACS buffer before suspension in PBS containing 1% paraformaldehyde (Electron Microscopy Sciences). Cells were stored at 4°C in the dark until ready for analysis. Cell-associated fluorescence was analyzed by flow cytometry using a Becton Dickinson FACScan instrument; analyses were gated on live cells by evaluating forward and side scatter. Data were analyzed using the CellQuest software program.
Capture ELISAs for cytokines. Enzyme-linked immunosorbent assay (ELISA) kits for murine interleukin-6 (IL-6), IL-10, and tumor necrosis factor alpha (TNF-␣) were purchased from BD Pharmingen. ELISA kits for murine IL-1␤ and IL-12p40 were obtained from R&D Systems. All capture ELISAs were performed according to the manufacturer's instructions. After XS52 cells were stimulated with various treatments, cells were removed by centrifugation at 300 ϫ g for 5 min (4°C). In cultures containing viable T. pallidum, an additional centrifugation at 12,000 ϫ g for 10 min was performed to remove bacteria. The supernatants were transferred to new tubes and stored at Ϫ70°C until ready for analysis. Supernatants to be assayed by ELISA were appropriately diluted and assayed in duplicate. Readings were taken at 450 nm (corrected at 570 nm) on a Thermomax microplate reader (Molecular Devices, Sunnyvale, Calif.) using the SOFTmax, version 2.3, software package. Statistics were generated using the InStat program (GraphPad Software, San Diego, Calif.).
RESULTS
XS52 cells express CD14, TLR2, and TLR4. Activation of macrophages by a variety of bacterial modulins is mediated via CD14, a glycosylphosphatidylinositol-linked protein, on the surfaces of select immune cells (25) . Recently, it was documented that cellular activation by spirochetes or their membrane lipoproteins (or synthetic lipoprotein analogs) also occurs via signaling through a CD14-dependent pathway (16, 58, 59, 71) . CD14 has been shown to be expressed constitutively on XS52 cells (33) ; upon cytokine-induced maturation of XS52 cells, CD14 is downregulated (73) . To verify that our starting cell population was in the CD14-positive immature state, we first assayed for the expression of CD14 on the XS52 cells by flow cytometry. Virtually all XS52 cells expressed CD14 (data not shown), as has been previously reported (73) .
Inasmuch as CD14 is incapable of transducing a signal across the cell membrane, it must employ other accessory molecules, presumably transmembrane proteins, to accomplish this. The TLRs have emerged as the long-sought-after signaltransducing machinery involved in the response of macrophages to various microbial modulins (21) . For example, TLR4 has been strongly implicated in the immune response to LPS (20, 39) . TLR2 seems to be involved in macrophage responses to bacterial lipoproteins (3, 5, 19) . With the macrophage-derived RAW cell line as a positive control, Northern blot analysis was performed with probes specific for either murine TLR4 or TLR2. mRNA for both TLR4 and TLR2 was readily detected from both RAW and XS52 cell lines (Fig. 1A) . Membranes reprobed for GAPDH mRNA confirmed equal loading of the samples. On the basis of Northern blotting, the relative amount of mRNA for TLR4 in XS52 cells seemed higher than that for TLR4 in RAW cells, but other experimental factors, such as the specific activity of the probes or stringency of binding, may have accounted for this. The additional fastermigrating band(s) observed in blots of TLR4 mRNA from either XS52 cells or RAW cells has been observed in other studies of TLR4 (24, 39, 41) . A slower-migrating band at about 9.5 kb also was detected in the TLR4 blots (not shown), as in other studies (24, 39, 41) . As further confirmation of mRNA for these genes, RT-PCR was performed on DNase-treated RNA samples from both cell lines. RT-PCR yielded the appropriately sized amplification products for TLR4 (352 bp) (Fig. 1B, lanes 2 and 8) and TLR2 (327 bp) (lanes 1 and 7) . No products were detected when reverse transcriptase was absent from the reactions (Fig. 1B, lanes 4 to 6 and 10 to 12) . RTPCRs for GAPDH were performed as loading controls (Fig.  1B, lanes 3 and 9) .
T. pallidum interacts with DCs in a time-dependent manner. Having determined that XS52 cells possessed cell surface signaling molecules (i.e., CD14 and TLR2) ostensibly required for activation by T. pallidum or its membrane lipoproteins, we DNase-treated RNA (50 ng) was used as the template in each reaction. PCR products in lanes 1, 4, 7, and 10 were amplified with TLR2-specific primers. PCR products in lanes 2, 5, 8, and 11 were amplified using TLR4-specific primers. Products in lanes 3, 6, 9, and 12 were amplified with GAPDH-specific primers. ϩ and Ϫ, reaction mixtures containing and lacking reverse transcriptase (RT), respectively. DNA fragment size markers are indicated on the left. next sought to discern to what extent T. pallidum interacted with DCs; such interactions would be requisite for cell activation. To assess this, XS52 cells were exposed to T. pallidum for increasing periods of time. Indirect immunofluorescence utilizing a monoclonal antibody against the abundant 47-kDa membrane lipoprotein of T. pallidum was used to evaluate spirochete-DC interactions. After only 2 h of incubation, individual treponemes attached to DCs could be visualized (Fig.  2) . As time progressed, increasing fluorescence was associated with the cells; after 24 h, a ring of intense fluorescence was associated with the perimeters of the cells (Fig. 2) .
Coiling phagocytosis is the predominant pathway for the uptake of T. pallidum by DCs. Whereas immunofluorescence assays showed a time-dependent association of treponemes with DCs, they did not reveal whether spirochetes remained outside of the cells or were internalized. To examine possible phagocytic processes, T. pallidum was incubated with XS52 cells for 24 h and interactions of the spirochetes with DCs were assessed by using thin-section transmission electron microscopy (TEM). T. pallidum was readily identified by TEM because of its distinctive dual-membrane structure, endoflagella within the periplasmic space, and the tendency of treponemes to appear more electron dense than eukaryotic cells (27) . With a T. pallidum/DC ratio similar to that for immunofluorescence assays ( Fig. 2 ; 100 spirochetes per DC), neither T. pallidum nor phagocytic processes were readily detectable after 24 h of incubation (not shown). To compensate for the lower sensitivity of electron microscopy, spirochete/DC ratios were increased to 500:1 or 1,000:1. Additionally, these increased spirochete/cell ratios were selected on the basis of many other studies showing that only a very small percentage (1 to 3%) of treponemes (within a given T. pallidum population) are capable of inter-FIG. 2. Time-dependent association of T. pallidum with XS52 cells. T. pallidum cells were incubated with XS52 cells at a ratio of 100 spirochetes per DC for the indicated times. Ethanol-fixed samples were probed with a monoclonal antibody specific for the abundant 47-kDa lipoprotein of T. pallidum, followed by staining with a FITC-conjugated goat anti-mouse secondary antibody. Arrowheads, spirochetes or spirochetal antigens associated with XS52 DCs. Results are representative of three independent experiments. Magnification, ϫ400.
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on November 8, 2017 by guest http://iai.asm.org/ acting with eukaryotic host cells (12, 13, 49, 60, 61, 70) . Under these conditions, three distinct types of phagocytic processes could be distinguished. First, conventional phagocytosis, in which two microbe-apposed pseudopods of the cell surrounded the organism and then fused, was observed ( Fig. 3A and B) ; this process accounted for approximately 26% of phagocytic events. The second uptake mechanism involved two or three alternatingcontradirectionalpseudopods(i.e.,overlappingpseudopods) (Fig. 3C) , which appeared to capture the spirochete less frequently (18%). Upon further inspection, it was observed that the additional overlapping pseudopods appeared to fuse with the cell surface (Fig. 3D) . The third type, rotating coiling phagocytosis (Fig. 3E to G) , was the predominant mechanism for uptake, accounting for 56% of phagocytic events. Usually, a single pseudopod wrapped around the treponeme (Fig. 3E) and continued coiling to create the characteristic whorl of coiling phagocytosis (Fig. 3F) . Occasionally, multiple whorls could be seen within a single TEM field (Fig. 3G) ; an additional contrarotating pseudopod was sometimes associated with the primary coiling pseudopod (Fig. 3G, right coil) . Finally, internalized spirochetes appeared to be within membrane-bound vacuoles (Fig. 3H ), although on rare occasions a spirochete which appeared to exist freely in the cytoplasm could be found (not shown). Additional studies were conducted to acquire a more complete picture of the stages and time course involved in these phagocytic processes. Freshly isolated spirochetes were added to XS52 cell cultures at spirochete/DC ratios of either 500:1 or 1,000:1 for various periods of time (1, 2, 4, 8, and 24 h). At either cell ratio, after 1 h of incubation, spirochetes were neither associated with nor internalized within XS52 cells. After 2 h, a rare spirochete could be visualized within a DC, even though surface associations still were not prevalent (not shown). In cultures incubated for 4 or 8 h, although still not abundant, spirochetes could be found at the surfaces of DCs as well as internalized (not shown). After 24 h, T. pallidum was readily detected at the DC surface (Fig. 3 ) and large numbers could be detected within DC vacuoles (not shown).
DCs secrete proinflammatory cytokines in response to stimulation by either T. pallidum or a synthetic analog of lipoprotein. The underlying hypothesis for this study was that immature DCs are activated upon interaction with T. pallidum or its membrane lipoproteins. To assess this, DCs were exposed to either T. pallidum or a synthetic lipopeptide modeled after the N terminus of the 47-kDa lipoprotein. Given that N-terminal acylation is critical for the proinflammatory properties of lipoproteins and lipopeptides, a synthetic hexapeptide (lacking acylation) was included as a negative control in all experiments.
DC activation after exposure to T. pallidum or synthetic lipopeptide was assessed by monitoring the secretion of selected cytokines. It has been established that freshly isolated Langerhans cells tend to upregulate their expression of IL-12 during maturation (23) . IL-12 is critical for influencing the transition from the innate to the adaptive type 1 (Th1) T-cell immune response (64) . In time-and dose-response experiments, secretion of IL-12p40 was detected when treponemes were incubated with XS52 cells for 24 h at a ratio of 1,000 spirochetes per DC (Fig. 4A) . Lower ratios of spirochetes or shorter incubation times failed to elicit IL-12p40 production. An important control for these experiments was rabbit testicular TEx, from which spirochetes were removed. The purpose of this control was to ensure that rabbit cytokines from inflamed testicular tissue, a small portion of which remained in the T. pallidum preparation, were not contributing to the activation of DCs. In general, volumes of 15 to 25 l of TEx were tested; work from previous cell activation studies with T. pallidum isolated in the same manner (49) have shown comparable treponemal preparations to contain only about 2 to 3 l of TEx. As such, our experiments were strongly biased towards testing an amount of TEx vastly exceeding (approximately 10-fold) the amount of TEx typically present in a T. pallidum preparation. When XS52 cells were exposed to these high levels of TEx, IL-12p40 was not induced (Fig. 4A) . Incubation of the synthetic lipopeptide (47-L) induced the secretion of IL-12p40 in both a time-and dose-dependent fashion (Fig.  4B) , with stimulation first observed after 8 h of incubation. The greatest amount of IL-12p40 secretion in response to lipopeptide stimulation occurred at the highest dose (32 g/ml) and latest (24-h) time point (Fig. 4B) .
Other proinflammatory cytokines, such as IL-1␤ and TNF-␣, are critical for Langerhans cell migration from the skin to the draining lymph nodes (9) . Both of these cytokines were expressed and secreted by XS52 cells upon stimulation with either T. pallidum or the synthetic lipopeptide, but not in response to TEx or the control hexapeptide ( Fig. 5 and 6 ). For IL-1␤, when the highest ratio of spirochetes was used, increasing amounts of cytokine were produced as time progressed (Fig. 5A) . The IL-1␤ response to lipopeptide was not marked for up to 8 h of stimulation, but at 24 h the response clearly was dose dependent (Fig. 5B) . For TNF-␣ secretion, intact spirochetes activated cells in a time-dependent manner. The TNF-␣ response to lipopeptide stimulation was both dose and time dependent (Fig. 6B) ; a detectable response was observed with as little as 4 g of lipopeptide/ml and as soon as 2 h after stimulation.
IL-6, which includes among its actions costimulatory activity for T lymphocytes (63) , is upregulated in both Langerhans cells upon sensitization with oxazolone (8) and monocyte-derived DCs upon stimulation with LPS (67) . In the present study, we found that IL-6 also was upregulated in XS52 cells upon exposure to either T. pallidum or synthetic lipopeptide (Fig. 7) . Maximal production of IL-6 occurred after 24 h of incubation of XS52 cells with T. pallidum (Fig. 7A) . The lipopeptide induced IL-6 production in both a time-and dose-dependent manner (Fig. 7B) . LPS, included as a positive control in all experiments, also induced the production of IL-6 as well as TNF-␣, IL-1␤, and IL-12p40 (data not shown).
In all experiments, TEx or the synthetic hexapeptide (nonacylated form) did not induce notable secretion of any of the cytokines tested. Finally, we also tested for the secretion of the anti-inflammatory cytokine IL-10 by XS52 cells stimulated with either T. pallidum or synthetic lipopeptide; IL-10 was not detected (limit of detection was 31.3 pg/ml) in response to either agonist (data not shown). The failure to detect IL-10 production by DCs stimulated with the lipopeptide was consistent with results from a recent study employing human DCs (62). T. pallidum or synthetic lipopeptide increases the expression of CD54 on DCs. As indicators of DC activation, the above cytokine data implied that T. pallidum and synthetic lipopeptide induced the maturation of XS52 cells. Another indicator of DC maturation is the expression of costimulation molecules important for supporting T cell-DC interactions and subsequent lymphocyte activation that occurs in the regional lymph node. CD54 is a cell surface leukocyte adhesion molecule whose upregulation is associated with DC maturation (66) . Stimulation of XS52 cells with LPS (positive control) resulted in a clear increase of CD54 on the cell surface, as analyzed by flow cytometry (Fig. 8A) . T. pallidum, but not the TEx control, also induced the upregulation of CD54 (in comparison with an unstimulated population of cells) (Fig. 8B) . Accordingly, incubation of DCs with the synthetic lipopeptide also resulted in an augmentation of surface CD54 expression (Fig. 8C) , whereas the control hexapeptide had no effect (Fig. 8C) .
DISCUSSION
The results of this study provide compelling evidence that (i) T. pallidum associates with DCs and is phagocytosed and (ii) immature DCs are activated during this process. This is the first study to examine and characterize the interaction of T. pallidum with DCs and provide evidence that treponemal lipoproteins can contribute to, and may largely be responsible for, DC activation. We chose to employ well-characterized immature murine DC line XS52 (72) for our studies given its skin-derived origin, its likeness to Langerhans cells, and the facts that experimental variability could be minimized and that murine cell lines of the monocyte/macrophage lineage are sensitive to stimulation by T. pallidum and/or its membrane lipoproteins (1, 10, 43, 45, 59) .
T. pallidum activates human monocytic cells via the involvement of CD14 (58) . Membrane-bound CD14, a glycosylphosphatidylinositol-linked protein attached to the outer leaflet of the macrophage membrane, has been shown to recognize diverse microbial modulins (25) , including spirochetal lipoproteins (16, 59) . CD14 was readily detected on the surfaces of XS52 cells. Additionally, it was of interest to discern whether another set of receptors, TLRs, were expressed by XS52 cells. TLRs are a family of receptors acting downstream of CD14 that have only recently been recognized as the signal-transducing "missing links" on macrophages responding to LPS or other microbial modulins (21) . Like CD14, TLRs contain multiple leucine-rich repeats in their extracellular domains; however, unlike CD14, TLRs span the membrane and have a cytoplasmic domain homologous to that of the IL-1 receptor (IL-1R), which is capable of inducing activation of transcription factor NF-B (35) . Substantial evidence implicates TLR4 in the innate response to LPS (20, 39, 41) . Of particular relevance to our study, TLR2 has been implicated in the cellular response to bacterial lipoprotein and lipopeptide, including the 47-kDa lipoprotein-based lipopeptide used herein (3, 5, 19, 28, 62) . Our analyses revealed that both the tlr4 and tlr2 genes are expressed by XS52 cells; thus, XS52 cells appear to have the signaling module(s) crucial for initiating the innate immune response to lipoproteins, LPS, and likely other bacterial immunomodulatory products.
Electron microscopy revealed that two types of coiling phagocytosis, rotating (i.e., traditional) and overlapping, predominated (74% of phagocytic events) among the pattern of phagocytic processes involved in the uptake of T. pallidum by DCs. In general, coiling phagocytosis, which has been observed for numerous microbes, occurs when a unilateral pseudopod extends from the surface of the eukaryotic cell to continuously wrap around the microbe (50); the resulting pseudopod whorl eventually envelops the organism. Overlapping coiling phagocytosis, also known as overshooting phagocytosis, recently was described and can be utilized by human monocytes, murine DCs, and murine macrophages (53) . Overlapping coiling phagocytosis is characterized by stacks of pseudopods; presumably, this is the result of a perturbation of a conventional phagocytic event in that the pseudopods slide over each other rather than fusing (54) . It has been suggested that the shape of the microbe may influence the type of coiling mechanism employed, with rotating coiling associated with elongated organisms and overlapping coiling associated with spherical organisms (54) . Indeed, it was found that uptake of the elongated, spiral treponemes did occur more often by a rotating mechanism (56% of phagocytic events) than by an overlapping mechanism (18% of phagocytic events). Conventional phagocytosis of T. pallidum also was evident. This dual pattern of coiling and conventional phagocytosis was consistent with reports of phagocytic processes by monocytes/macrophages and DCs for Borrelia burgdorferi (11, 51, 52) , suggesting that B. burgdorferi and T. pallidum may have common pathways for uptake by immune cells. Maximal association of T. pallidum with XS52 cells and its subsequent internalization were not observed until 24 h of coincubation, suggesting that adherence and phagocytic mechanisms acted relatively slowly. This slow association and uptake by professional phagocytes have been noted previously in other model systems of T. pallidum phagocytosis (2), suggesting that slow uptake of T. pallidum is not a peculiarity of XS52 cells. Additionally, XS52 cells have been shown previously to have phagocytic properties analogous to those of DCs freshly isolated from skin (46) .
The intracellular fate of T. pallidum antigens within professional phagocytes has been largely unknown. Previous work indicates that, upon uptake by rabbit peritoneal macrophages, multiple T. pallidum organisms are found within individual membrane-bound vacuoles (31) . In the present study, T. pallidum again was found almost exclusively within membranebound vacuoles of DCs. Although individual spirochetes were observed within these vacuoles, it was not uncommon for multiple spirochetes to be within a single vacuole, consistent with the fact that phagocytic surface events were found occasionally to engulf more than one treponeme simultaneously (not shown). Alternatively, it is possible that once spirochetes were internalized, the fusion of multiple vacuoles occurred.
TNF-␣, IL-6, IL-1␤, and IL-12 were used as markers of DC activation and maturation. In previous studies, T. pallidum and synthetic lipopetides have been shown to induce these same cytokines in both human-and mouse-derived macrophages (45) . Importantly, the lipopeptide was found to stimulate DCs in a pattern qualitatively similar to that observed for T. pallidum, again consistent with the contention that the membrane lipoproteins are responsible for the proinflammatory properties of T. pallidum. Although we employed a synthetic lipopeptide modeled after only one highly abundant lipoprotein, the combined proinflammatory activity of T. pallidum actually would be the aggregate of those of its numerous lipoproteins (6, 14) . This does not preclude the possibility that other spirochetal components, such as peptidoglycan (48) and glycolipids (45) , may contribute to the overall inflammatory response during syphilis.
Upon activation, DCs upregulate a number of costimulatory molecules that interact with cognate receptors on naive T cells within the microenvironment of the lymph node. In particular, the interaction between CD54 on DCs and CD11a/CD18 on T cells not only provides a significant costimulatory signal for the T cell (66) but also allows clustering to occur. As a result, it is estimated that 100 to 3,000 T cells can be activated by a single DC (4) . Consistent with our cytokine data indicating maturation of XS52 cells, we observed an upregulation of CD54 on DCs after stimulation with T. pallidum or lipopeptide. Interactions such as those which occur between CD54 and CD11a/ CD18 ultimately are pivotal for the transition from the innate to the adaptive immune response. An extensive body of evidence supports the notion that the membrane lipoproteins of T. pallidum are major proinflammatory mediators of syphilis (1, 10, 37, 38, 43, 45, 49, 59) . Studies of the immunomodulatory activities of lipoproteins are facilitated by using synthetic lipopeptides modeled after the acylated, biologically active N termini of the lipoproteins (10, 37, 38, 45, 59) . The use of synthetic lipopeptides as surrogates for native lipoproteins is advantageous for several reasons. First, the immunostimulatory properties of the synthetic lipopeptides are qualitatively similar to those of their native counterparts (10, 37, 38, 45, 59) . Second, it is difficult to obtain ample quantities of native lipoprotein from noncultivatable T. pallidum. Third, even though T. pallidum does not synthesize LPS (14, 17) , contamination with environmental LPS is a significant problem associated with bacterial lipoprotein purification; lipopeptides are synthesized essentially under endotoxin-free conditions (10) . Our results showed that a synthetic lipopeptide indeed was an efficient activator of DCs, consistent with our underlying tenet that treponemal lipoproteins are key inflammatory agonists of syphilis and that DCs likely engage and respond to T. pallidum and its lipoproteins.
Finally, the unique membrane architecture of T. pallidum, which impacts host immunological processes, warrants discussion. T. pallidum has been referred to as a "stealth pathogen" (42) due to its remarkable ability to evade the immune system, resulting in chronic disease. T. pallidum has an inordinate paucity of immune system targets on the surface of its outer membrane (42, 44, 68) ; its proinflammatory lipoproteins are largely, if not entirely, sequestered below the cell surface (7, 22) and thus are relatively inaccessible to antibodies. It has been proposed that immune cell activation by T. pallidum is a consequence of its uptake and degradation (45, 58) . Such actions would release lipoproteins from subsurface compartments and allow interaction of the lipoproteins with receptors on the immune cell. A recent report by Underhill et al. (65) sheds additional light on this potential scenario; upon bacterial stimulation, TLRs were recruited to phagosomes of macrophages and were responsible for subsequent activation of the cells. Therefore, it is plausible that DCs engulf intact T. pallidum into phagosomes, lipoproteins are liberated, and cell activation occurs via the participation of one or more TLRs at the level of the phagosome. Accordingly, we noted in our studies that maximal phagocytosis of treponemes occurred after 24 h of incubation, the time coinciding with maximal secretion of cytokines by DCs upon stimulation with T. pallidum or lipopeptide. This does not preclude, however, the likelihood that normal bacterial cell death, resulting in the release of treponemal lipoproteins, also may contribute to immune cell activation in the skin.
Inasmuch as DC maturation is vital for the transition to the adaptive immune response to infectious agents, our data support the contention that DCs initiate and drive the cellular immune processes of syphilis. The combined results of this study thus provide rationale for investigating further the consequences of T. pallidum activation of DCs in vivo (e.g., human organ cultures). Continuing studies will provide added new insights into the cellular immune processes of syphilis, enhance our understanding of innate immunopathogenesis processes, and elucidate subsequent adaptive mechanisms potentially relevant to syphilis vaccine development.
